Abstract. Gastric cancer is one of the most common cancers in China. Although surgery is the primary therapeutic method, radiotherapy has become an integral part, particularly in the early and intermediate stages of gastric cancer. microRNAs (miRNAs) are involved in the regulation of diverse cellular processes in response to intrinsic and extrinsic stress. A change in miRNA expression profile has been identified in various types of tumor cells in response to radiation; however, there is no relevant information concerning gastric cancer. In the present study, we investigated the miRNA profiles of two clinical gastric cancer samples exposed to X-rays using miRNA microarray. We found that 16 miRNAs were downregulated and 2 miRNAs were upregulated significantly in both irradiated samples when compared with the unirradiated samples. Decreases in the levels of miR-300 and miR-642 expression were confirmed by qRT-PCR in more clinical samples and in cultured cell lines. We predicted the targets of the two miRNAs with TargetScan and classified all the candidate targets with Gene Ontology, which indicated that both miR-300 and miR-642 potentially regulate cellular radiation response by modulating apoptosis, cell cycle regulation and DNA damage and repair pathway-related genes. Cell cycle assay and immunofluorescence assay demonstrated that miR-300 regulates radiation-induced G2 cell cycle arrest and DNA damage repair. In conclusion, our findings indicate that ionizing radiation modulates the miRNA expression profile, and the changes in several specific miRNAs such as miR-300 have the potential to be used in the treatment, diagnosis and prognosis of gastric cancer.
Introduction
Gastric cancer is the fourth most common malignancy worldwide, with an estimated 738,000 deaths in 2008 (1) . In China, gastric cancer is the most commonly diagnosed carcinoma and the leading cause of cancer-related mortality. Notably, Gansu Province is one of the high-risk areas, particularly in Wuwei City where the mortality rate is nearly 5 times as high as the average level (2) . To date, surgical resection is the primary treatment for gastric cancer (3), but both local and distant recurrence are high due to delayed treatment because of diagnostic limitations in early non-invasive detection. microRNAs (miRNAs) are an abundant class of non-coding RNAs, ~19-25 nucleotides in length. miRNAs regulate various processes involved in cell progression such as cellular division and differentiation (4), development (5) , cell cycle regulation (6) and apoptosis (7) by binding to 3'-UTR of the target gene mRNA, either by inducing mRNA degradation or by inhibiting mRNA translation. It is widely recognized that miRNAs play important roles in tumorigenesis acting as potent oncogenes or tumor-suppressor genes (8, 9) and may be novel biomarkers for cancer diagnosis and prognosis (10) . According to recent experimental evidence, miRNA expression is dysregulated in gastric cancer (11) , and miRNA clusters such as miR-106b-25 (12) and miR-222-221 (13) take part in cellular growth or apoptosis. Thus, it is hopeful that miRNAs may become efficient targets for the diagnosis and prognosis of gastric cancer.
Radiotherapy, one widely used treatment for most malignant tumors, has become an integral part of gastric cancer treatment, particularly in the early and intermediate stages of gastric cancer (14) (15) (16) . Cells present DNA damage, cell cycle arrest or apoptosis in response to ionizing radiation (IR) (17) . Recently, it has been reported that radiation modulates the miRNA expression profile in human endothelial (19, 20) , brain cancer (21) and lung cancer (21, 22) . Moreover, miRNAs play a critical role in multidrug resistance in human gastric cancer (23) (24) (25) . However, no research concerning the change in expression profile in response to radiation and the roles of miRNAs in DNA damage responses have been reported in gastric cancer to date.
In the present study, we aimed to identify the dysregulation of miRNAs responding to IR and their potential influences on cellular responses in gastric cancer.
Materials and methods
Cell culture. Human gastric cancer cell lines BGC823 and MGC803 were purchased from the Institutes of Biochemistry and Cell Biology, Chinese Academy of Sciences (Shanghai, China). Cells were maintained at 37˚C in a 5% CO 2 atmosphere in RPMI-1640 medium (Gibco, Grand Island, NY, USA) with 10% fetal bovine serum (Hyclone, Logan, UT, USA) and 100 U/ml penicillin and 100 mg/ml streptomycin. Quantitative RT-PCR for miRNA. Total RNA was extracted using TRIzol reagent according to the manufacturer's protocol. Reverse transcription was performed using the All-in-One™ First-Strand cDNA Synthesis kit (GeneCopoeia, Guangzhou, China). To quantify hsa-miR-300 and hsa-miR-642 expression, real-time PCR was performed using All-in-One™ miRNA qPCR Detection kit (GeneCopoeia) based on SYBR-Green according to the manufacturer's protocol. U6 snRNA was used to normalize the relative amount of miRNA. The fold-change of miRNA was calculated using the 2 -ΔΔCT method (27) .
miRNA target prediction and gene ontology. Target prediction of candidate miRNAs was carried out with TargetScanHuman (release 5.1) (http://www.targetscan.org/). The functions of the miRNA target genes were analyzed on the Gene Ontology website (http://www.geneontology.org/).
Cell cycle assay. MGC803 or BGC823 cells (1.5x10 5 ) were seeded into 12-well plates. Transfection of miRNA duplexes (Ambion) including miR-300 precusor (pre-miR-300) and negative control (pre-neg) was performed 24 h later using Lipofectamine 2000 (Invitrogen). Cells were exposed to 1 Gy of X-rays after 5 h and the medium was then replaced with fresh culture medium. Cells were fixed at -20˚C and then stained with 50 µg/ml propidium iodide 16 h after irradiation. A FACSCalibur flow cytometer (Becton Dickinson, Franklin Lakes, NJ, USA) and FlowJo software (version 6.0, Tree Star, Ashland, OR, USA) were used to analyze the cell cycle for each sample.
Immunofluorescence. Immunofluorescence assay was conducted according to a previous report (28) . In brief, cells were fixed in 4% paraformaldehyde for 10 min and in methanol at -20˚C for 20 min, permeabilized with 0.5% Triton X-100 for 10 min, blocked with 5% skim milk for 2 h and stained with the primary antibody [rabbit anti-53BP1 antibody purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA) for 2 h. The bound antibody was visualized using Alexa Fluor ® 594 anti-rabbit antibody (Molecular Probes, Eugene, OR, USA), and cell nuclei were counterstained with DAPI solution (Invitrogen). Images were captured with a laser confocal microscope (Carl Zeiss LSM 700; Jena, Germany). 53BP1 foci were counted using a fluorescence microscope (Leica DMI6000B; Wetzlar, Germany), and a minimum of 100 cells were scored for each sample.
Statistical analysis. Results are expressed as means ± SD. The statistical significance of the results was determined by Student's t-tests using Microsoft Excel software (Microsoft Campus).
Results
Alteration of the miRNA profile in gastric cancer exposed to IR. To identify the miRNA expression changed by ionizing radiation, we exposed two independent clinical gastric cancer tissues to 4 Gy of X-rays. The miRNA profiles of unirradiated and irradiated samples were obtained by miRNA microarray. The Venn diagram presenting the number of downregulated and upregulated miRNAs after 4 Gy of X-ray exposure is shown in Fig. 1A . In both irradiated samples, we identified that expression levels of 18 miRNAs were altered >1.5-fold, among which 16 miRNAs were downregulated and 2 miRNAs were upregulated. These miRNAs and the fold change are shown in Table I . Notably, hierarchical clustering results showed that miR-300 and miR-642 expression levels were upregulated in gastric cancer while IR reduced their expression levels (Fig. 1B) . Next, we validated the decreased expression of miR-300 and miR-642 which were downregulated >2-fold in the miRNA microarray results using quantitative RT-PCR (qRT-PCR) in the two gastric cancer samples exposed to X-rays (Fig. 1C) .
Verification of the downregulation and putative target prediction of miR-300 and miR-642. Since miR-300 and miR-642 expression levels were decreased in the two gastric cancer samples, we verified their downregulation using additionalclinical gastric cancer tissues (n=10) and two cultured gastric cancer cell lines (BGC823 and MGC803) exposed to 4 Gy of X-rays by qRT-PCR method. The results showed that miR-300 was significantly downregulated in 8 of the 10 clinical gastric cancer tissues and in both cell lines while miR-642 was downregulated in 9 of the 10 clinical gastric cancer tissues and in both cell lines ( Fig. 2A and B) , implying the general downregulation of miR-300 and miR-642 in gastric cancer after irradiation.
We employed TargetScanHuman (release 5.1) to predict the potential target genes of miR-300 and miR-642. Hundreds of candidate targets were obtained for each miRNA through the 2-8 nucleotides as seed sequence. Then, we classified all the candidate targets with Gene Ontology (GO). Based on the cellular response to ionizing radiation damage (17) , the targets related to apoptosis (GO: 0006915), cell cycle regulation (GO: 0000074) or DNA damage and repair (GO: 0006281) are summarized in Table II . The results suggest that both miR-300 and miR-642 may play important roles in cellular radiation response by modulating related pathways. 
miR-300 rescues IR-induced G2 cell cycle arrest and promotes
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A miR-300 and miR-642 may be involved in cell cycle regulation and DNA damage repair, we tested the cell cycle and the 53BP1 focus kinetics in MGC803 and BGC823 cells exposed to X-rays.
Results of the flow cytometry showed that 1 Gy of X-rays induced marked G2 cell cycle blockage, while cells in the G2 phase were decreased from 43.33±2.45 to 21.48±2.17% (p= 0.039) in the MGC803 cells transfected with pre-miR-300 (Fig. 3A) . In addition, the effects were more evident in the BGC823 cells (p=0.0027); miR-300 overexpression released G2 cell arrest induced by 1 Gy of X-rays nearly to the unirradiated level (Fig. 3B) . These results Table II . Predicted targets of miR-300 and miR-642.
Function of the target genes -------------------------------------------------------------------------------------------------DNA damage Apoptosis
Cell cycle repair miRNA (GO: 0006915) (GO: 0000074) (GO: 0006281) miR-300  BCL2L11  CCNK  ATAD5  GAS2  KLF4  TP53BP1  CASP8AP2  NASP  APAF1  TP53  DLC1   miR-642  TP53  CDK10  XPA  CASPS2  CHFR  MRE11A  CASPS7  ING4  PRELD1  CASPS9  GRB2  CASPS10  BCL2L11   A   B   Table I . Levels of miRNA altered more than 1.5-fold following irradiation in two clinical samples. indicate that IR-induced miR-300 suppression impairs the cellular cell cycle recover.
The formation of 53BP1 foci is widely used as a marker of DNA double-strand breaks induced by ionizing radiation. To investigate the effect of miR-300 on DNA damage and repair ability, we tested 53BP1 focus kinetics in MGC803 and BGC823 cells transfected with pre-miR-300 or pre-neg. The measurement of 53BP1 foci at 1 h and 12 h post-irradiation with 0.5 Gy of X-rays showed that no difference was observed 1 h after irradiation between the two groups. However, 12 h after irradiation the number of 53BP1 foci in the group transfected with pre-miR-300 was significantly less than that in the MGC803 cells transfected with pre-neg ( Fig. 3C and E) . BGC823 cells demonstrated similar results (Fig. 3D) . These 
A B C D E
data imply that miR-300 does not influence the cellular response to DNA damage but elevates the cellular DNA damage repair ability.
Discussion
Radiotherapy is widely used for the treatment of cancer. Since miRNAs are often located in fragile sites of the genome (29) , it has been suggested that IR can trigger or disrupt the expression of these fragile sites consequently resulting in a dysregulated miRNA profile. To date, there are vast amounts of data concerning miRNA alterations and their functions in response to ionizing radiation in human normal or tumor cells (30) (31) (32) (33) (34) ; however, few data are available in regards to gastric cancer. Moreover, further investigation must be carried out to clarify whether IR or chemo-induced miRNA alterations in tumor cells are a product of disruption in epigenetics or an initiating mutational event.
In the present study, we tested the miRNA profile of clinical gastric cancer tissues irradiated with X-rays and found that 18 miRNAs were markedly dysregulated in gastric cancer in response to IR, among which 16 miRNAs were significantly downregulated and 2 miRNAs were upregulated. The changes of miRNA expression profile may provide a new method for the diagnosis and prognosis of gastric cancer.
An miRNA can modulate the cellular response to IR-induced DNA damage through inhibition of its target genes. Lal et al showed that overexpression of miR-24 enhanced radiosensitivity by targeting H2AX (35) . miR-421 (36) and miR-101 (37) were found to efficiently target ATM and sensitize tumor cells to IR. Wang et al found that IR downregulated miR-185 expression, while elevation of miR-185 sensitized renal carcinoma cells to IR and enhanced radiation-induced apoptosis and proliferation inhibition by repressing ATR (38) . miR-182 directly downregulates BRCA1 expression and impairs homologous recombination-mediated repair and renders cells hypersensitive to IR (39) . On the other hand, DNA damage response factors, ATM (40) and BRCA1 (41) can regulate miRNA biogenesis via KSRP or DROSHA microprocessor complex, which are key players of miRNA biogenesis, suggesting that miRNA expression may be regulated by IR indirectly. In gastric cancer, it has been reported that inhibition of miR-221/222 enhanced radiosensitivity by targeting PTEN (42) . We further identified that miR-300, one of the downregulated miRNAs post irradiation, can affect the cellular responses to radiation by relieving IR-induced G2 cell cycle arrest and promoting the cellular DNA damage repair ability.
The abundance of miR-300 and miR-642 is not high in various human tissues and cell lines (43, 44) so that little has been reported concerning their expression patterns and functions until recently. Recently, studies indicate that miR-300 and miR-642 are involved in the cisplatin-based chemo-response in cancer cells. Kumar et al identified that miR-300 and miR-642 were upregulated in a human cisplatin-resistant ovarian cancer cell line and that miR-300 may be an important regulator for ovarian cancer chemotherapy by targeting TGF-β and apoptotic pathways (45) . In addition, Nordentoft et al found that downregulation of miR-642 increased cisplatin sensitivity in human bladder cancer cell lines (46) . Our data demonstrated that expression of miR-300 and miR-642 was upregulated in gastric cancer compared with normal gastric tissues and both miRNAs were downregulated after exposure to X-rays. Although increased expression of miR-300 and miR-642 in gastric cancer suggests their oncogenicity and decreased expression in response to chemotherapy or radiation exposure provides evidence for cancer therapy, the direct target genes and regulation pathways of miR-300 and miR-642 need to be further investigated. In conclusion, our study provides evidence that miRNAs are involved in the regulation of radiation responses in gastric cancer and changes in expression of specific miRNAs such as miR-300 have the potential to be used in the treatment, diagnosis and prognosis of gastric cancer.
